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Abstract 
In a solvent intended for use within group actinide extraction CyMe4-BTBP and TBP are combined together in 
cyclohexanone. After irradiating the solvent in acid contact a latency period before extraction reduced the extraction 
capability of plutonium. This reduction was larger when the solvent was kept in contact with the acid after irradiation. The 
decrease in plutonium extraction could be an effect of both a reduced extraction performance of CyMe4-BTBP caused by 
hydrolysis as well as a shift in oxidation state of the plutonium as it was shown that oxidizing Pu(IV) to Pu(VI) decreased the
extraction by the solvent. 
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Selection and/or peer-review under responsibility of the Chairman of the ATALANTE 2012 Program 
Keywords: GANEX, BTBP, Irradiation, Plutonium oxidation 
1. Introduction 
A Group Actinide Extraction (GANEX) process is a solvent extraction process developed for partitioning and 
transmutation purposes [1]. Partitioning and transmutation (P&T) aims at, besides the recycling of plutonium and 
uranium that is already applied today in the PUREX process, recovering and transmuting the minor actinides to 
reduce the strain on the final repository. This reduction is obtained by decreasing the storage time required as 
well as lowering the medium term heat-load of the used fuel, and hence the volume of the storage [2]. A GANEX 
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type process reduces the amounts of steps required as well as avoids to create a pure plutonium stream, 
increasing proliferation resistance, compared to previous P&T processes. This since the previous processes, such 
as the DIAMEX/SANEX process, was developed to follow after a conventional PUREX process while the 
GANEX option aims at replacing PUREX. In a proposed GANEX process two solvent extraction ligands, 
CyMe4-BTBP and TBP have been combined together in cyclohexanone. The solvent has shown good potential in 
the extraction of actinides and separation from the lanthanides and most of the fission products [3]. The radiolytic 
stability of the solvent has also proven to be good in contact with nitric acid up to a dose of 200 kGy [4]. 
However, in this radiolysis study, a drop in plutonium distribution ratio was evident upon irradiation and a 
suggested explanation to this was a shift in plutonium oxidation state. This could be motivated by the fact that the 
distribution ratio of both americium (extracted by BTBP) and uranium (extracted by TBP and cyclohexanone) 
remained unchanged during the experiment suggesting that no extractant degradation or reactions were 
responsible for the plutonium behavior. 
When the radiolysis of the same solvent was repeated the described plutonium behaviour could not be detected 
but the results were also somewhat inconsistent, with first a decrease in DPu at a low dose and then again an 
increase at a higher dose [5]. One possible explanation for the inconsistency in the results could be connected to 
the latency period between irradiation and extraction, which varied between ca 30 minutes up to a couple of 
hours. This would also be a reasonable explanation to the difference between the two studies as in the first one 
the irradiation and extraction were performed in two different labs (irradiation at ICHTJ in Poland and extraction 
at Chalmers in Sweden) while in the second study both irradiation and extraction were performed in the same 
facility. This means that the latency period between irradiation and extraction in the first study was much longer 
(several days) than in the second study (minutes to hours). However, also other factors with possible effects on 
the distribution ratios differed between the two studies, such as dose rate in the gamma sources, and hence also 
irradiation time and temperature. Because of this, the time effect could not be confirmed and therefore another 
irradiation study has now been performed solely studying the effect of the latency-period between the end of 
irradiation and the extraction experiments. Also the way in which the solvent was stored during this period was 
investigated by both letting the solvent stay in contact with the acid that was present during irradiation as well as 
by removing it. As solvent extraction is a commonly used method for determining the stability of a solvent 
towards irradiation, this is an important issue to address if solvents are to be compared to each other regarding 
radiolytic stability and hence process suitability. Previously, studies have also been made concerning the long 
time storage temperature of irradiated solvents and hence this aspect was not considered here as it was shown that 
despite that freezing the samples after irradiation could slow down the solvent degradation process, performing 
the extraction experiments directly gave an overall better result when comparing the two methods [6].
2. Experimental 
2.1. Reagents and Material 
The CyMe4-BTBP used was synthesized in house according to [7]. All other inactive reagents used were 
commercially available and of analytical grade.  
To increase the readability of the text, the standard solvent compositions used have been given short names 
according to the following: the GANEX solvent (10mM CyMe4-BTBP + 30 volume% TBP in cyclohexanone), 
the BTBP solvent (10mM CyMe4-BTBP in cyclohexanone) and the TBP solvent (30 volume% TBP in 
cyclohexanone) 
2.2. Radiolysis 
Two 20 ml vials each containing equal amounts of the GANEX solvent and 4 M nitric acid was first contacted 
with a quick shake and then placed inside a 60Co source in static contact (Gamma cell 220, Atomic Energy of 
Canada ltd. with a dose rate of 13 kGy/h) for 15 h and 38 minutes, rendering a total dose to the samples of 203 
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kGy. After removal from the irradiation source aliquots of the solvent were taken from both vials and as quickly 
as possible used for extraction tests. The time between the end of irradiation and the start of the first extraction 
experiment (denoted time 0) was 17 minutes. During this time the solvent in one of the vials was also separated 
from the aqueous phase and placed in an empty vial. This resulted in two series from which samples were taken 
for extraction after different time intervals, one which was left after irradiation in contact with the acid (series 1), 
and one that was left without acid contact (series 2).  
The solvent extraction experiments were performed with fresh 4 M nitric acid pre equilibrated with 30% TBP in 
cyclohexanone, but every time a solvent sample was removed for extraction from series 1, the same volume of 
the acid was also removed, ensuring equal contact volumes during the entire duration of the experiment. All 
extractions were performed with equal phase volumes (300 µl) in 3.5 mL glass vials. The radiotracers (235U + 
241Am and 238Pu) were added in trace amounts (5 µl originating from stock solutions) to both the organic and 
aqueous phase before contacting using a thermostatted mechanical shaker (20oC) for one hour. After contacting, 
the samples were left to separate by gravitation and when the phases were completely separated samples from 
each phase were removed for analysis. 
This experiment was also duplicated for  reference where instead if irradiating the two vials they were placed in a 
heated water bath at the same temperature (50oC) and for the same amount of time (15 h 38 min.) as in the 
irradiation source. After heating, the samples were treated in the same way as the irradiated ones and extraction 
experiments with 241Am (10µl) and 238Pu (5µl) were performed. The contacting was facilitated using hand-
shaking in an insulated canister at room temperature for 10 minutes, which has previously been shown to be 
enough time to ensure extraction equilibrium. 
235U and 241Am were analyzed using an HPGe detector (Ortec, GEM 15180-S) while 238Pu was analyzed using 
liquid scintillation (Wallac, 1414 WinSpectral). All uncertainties from the analyses were calculated using error 
propagation based on measurement statistics.  
2.3. Plutonium oxidation 
A gas stream containing ozone generated by silent electric discharges in pure O2 (Ozonia Triogen laboratory 
ozone generator, model LAB2B) was bubbled through a 3.5M nitric acid solution with high 238Pu activity (1.4 
MBq/ml = 9.3µM). After different periods of time, small portions of the plutonium solution (10µl) was removed 
(as well as before the start of the ozonation for reference), added to 0.5M HNO3 + 0.5M NaNO3 and directly used 
for extraction experiments with five different organic phases. The organic phases used were 0.25M TTA (2-
thenoyl-trifluoro acetone) in toluene to confirm the oxidation state of the plutonium (as TTA only extracts Pu(IV) 
[8]), the GANEX solvent, the BTBP solvent, the TBP solvent as well as pure cyclohexanone. The nitric acid as 
well as the different organic phases had all previously also been pre equilibrated. Duplicate samples of equal 
organic and aqueous volumes (300µl) were then contacted by hand shaking in an insulated canister for 10 
minutes. After gravitational separation of the phases, samples from each phase were removed for plutonium 
analyses as described in the radiolysis section.  
3. Results and discussion 
The results from the radiolysis study where the GANEX solvent was irradiated in contact with nitric acid and 
then left for different periods of time both in acid contact (series 1) and without acid contact (series 2) before 
being used in extraction experiments can be seen in Figure 1 and 2. It is obvious that the plutonium distribution 
ratio drops rapidly after the removal of the solvent from the irradiation source and that the effect is much more 
pronounced in series 1 compared to series 2. It can also be seen when comparing with reference series 1 and 2 
that this is not an effect from the heat inside the irradiation source and/or the nitric acid contact. The short term 
drop in distribution ratio in reference series 2 is also slightly larger than in reference series 1, indicating that the 
solvent degradation behavior after radiolysis is different compared to that after heated acid contact. For uranium, 
which is extracted by the TBP in this system, there is no observed effect of the latency period between irradiation 
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and extraction for neither series. From this the conclusion can be drawn that the extraction performance of TBP is 
not affected by the latency time. The americium distribution ratios in series 1 decreases just like the plutonium 
ones, but not nearly as much and the distribution ratios for series 2 are more or less unaffected by the time after 
irradiation. Also in this case the reference series 2 is more affected than reference series 1on the short time scale 
and the two reference series for both americium and plutonium appears to behave quite similar, contrary to the 
irradiated series. As americium is unlikely to either change its oxidation state or to be extracted by a species in 
the system other than BTBP, these results implies a decrease in the extraction capability of BTBP during the 
latency after hydrolysis as well as radiolysis if the solvent is kept in acid contact. This decrease in extraction 
efficiency by BTBP does, however, not explain the more pronounced decrease in plutonium distribution ratios. 
Since both americium and plutonium are extracted by BTBP in this system they could hence be believed to 
behave similarly. Therefore it is possible that what is observed instead is a change in oxidation state of 
plutonium, caused by species stemming from the irradiation. This is possible since the radiolysis of a two phase 
system is very complex and can with strong nitric acid as water phase result in both a reducing as well as an 
oxidizing chemistry, depending on the available amount of oxygen in the system [9].  
Figure 1. 238Pu extractions (from 4M HNO3) performed at different times after removal of the GANEX solvent (irradiated to 
203kGy in contact with 4M HNO3, O/A=1) from a 
60Co source (dose rate 13kGy/h) or after acid contact (REF) during the 
same period of time and temperature. Series 1: Solvent left in contact with the irradiated acid. Series 2: Acid removed after 
irradiation (lines are added to guide the eye). 
Figure 2. 241Am and 235U extractions (from 4M HNO3) performed at different times after removal of the GANEX solvent 
(irradiated to 203kGy in contact with 4M HNO3, O/A=1) from a 
60Co source (dose rate 13kGy/h) or after acid contact (REF) 
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during the same period of time and temperature. Series 1: Solvent left in contact with the irradiated acid. Series 2: Acid 
removed after irradiation (lines are added to guide the eye). 
To test this hypothesis, an experiment was performed where plutonium was oxidized from Pu(IV) to Pu(VI) 
using ozone. At different times during the oxidation, samples were removed and subjected to extraction by five 
different organic phases: TTA in toluene, the GANEX solvent, the BTBP solvent, the TBP solvent and pure 
cyclohexanone. TTA extraction was used to confirm the plutonium oxidation state, as TTA only extracts Pu(IV), 
and after approximately 20 minutes of oxidation there is almost no plutonium (IV) left, as can be seen in Figure 
3. It is also obvious that the GANEX solvent, the BTBP solvent and the TBP solvent display different 
distribution ratios for plutonium (VI) compared to plutonium (IV). When looking at the actual distribution ratios 
(Figure 4) it can be seen that there is no major plutonium disproportionation taking place upon dilution of the 
strong plutonium solution just before extraction as the original distribution ratios in the TTA extraction is quite 
high (96% of the plutonium is extracted). It is also clear that there is no shift in extraction mechanism from 
BTBP to TBP in the GANEX solvent upon the oxidation of plutonium as the plutonium distribution ratios for the 
TBP solvent are very modest for both oxidation states.  
Figure 3. 238Pu extractions (from 0.5M HNO3+ 0.5M NaNO3) performed at different times during Pu(IV)-Pu(VI) oxidation (in 
3.5M HNO3) through ozone bubbling by four different solvents: TTA (0.25M TTA in toluene), the GANEX solvent, the 
BTBP solvent and the TBP solvent (lines are added to guide the eye). 
Figure 4. 238Pu extractions (from 0.5M HNO3 + 0.5M NaNO3) performed at different times during Pu(IV)-Pu(VI) oxidation 
(in 3.5M HNO3) through ozone bubbling by five different solvents: TTA (0.25M TTA in toluene), the GANEX solvent, the 
BTBP solvent, the TBP solvent and pure cyclohexanone (lines are added to guide the eye). 
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The change in distribution ratio for the GANEX solvent upon oxidation of plutonium could be the explanation 
for the decrease in plutonium extraction in series 2, as this is not observed in the americium series 2. It could 
also, in combination with the decrease in BTBP extraction efficiency upon acid contact after radiolysis, explain 
the larger decrease in plutonium distribution ratio in series 1during the latency period between irradiation and 
extraction. 
4. Conclusion 
In a partitioning and transmutation process the solvent extraction will not take place hours or days after 
irradiation of the solvent but during the actual process. This study has highlighted the importance of the way in 
which the samples are kept after irradiation as well as decreasing the time between irradiation and extraction to a 
minimum when performing solvent stability experiments. For a potential GANEX solvent containing CyMe4-
BTBP and TBP in cyclohexanone, irradiated together with nitric acid of high concentration (4M), it was shown 
that a latency period after irradiation, if only as short as an hour, had the capability to reduce the extraction of 
plutonium. This reduction was much more prominent if the solvent was kept together with the acid after 
irradiation than if the acid was removed. The decrease in plutonium extraction could be an effect of two different 
processes; a reduced extraction performance of the BTBP molecule as well as a shift in oxidation state of the 
plutonium, caused by species in the irradiated solutions. This since it was shown that a change in plutonium 
oxidation state from Pu(IV) to plutonium (VI) slightly lowered the extraction performance of the solvent.  
The observed decreases in plutonium distribution ratio in this particular study, although not large enough to have 
any greater effect upon the total plutonium extraction, can both be of importance when it comes to understanding 
the basic science of the system as well as when looking at it from a process perspective. This since the 
distribution ratios can be much lower in some parts of the process due to solvent loading etc. Therefore, to be 
able to fully evaluate the true extraction potential of a solvent as well as not to misinterpret any radiolysis results, 
the time between irradiation and extraction experiment must be kept as short as possible and if the irradiation is 
performed with acid contact this acid should be removed if the extraction experiments cannot be performed 
immediately.
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